A ribosomal RNA-encoding DNA (rDNA) cloned sequence, consisting of a 0.8-kilobase fragment from the 26S/nontranscribed spacer region, was used to identify diagnostic restriction enzyme fragments that distinguish the Moreton and Torresian subspecies of the grasshopper Caledia captiva. These restriction fragments were then used to study patterns of rDNA variation across a narrow geographical hybrid zone between the two subspecies. The pattern of rDNA variation that emerged after the analysis ofover 250 individuals clearly demonstrates the asymmetrical introgression of the Moreton ribosomal RNA genes into the Torresian subspecies. This asymmetric movement of genetic material occurs even though there exists extreme postmating F2 and backcross inviability between the two subspecies. From our data, as well as those of previous chromosomal and allozymic studies, we are able to support the occurrence of nonrandom processes such as biased gene conversion and/or natural selection. Because the rDNA loci in the Moreton and Torresian individuals are located in different regions on chromosomes 10 and 11, it should be possible to determine the relative contributions of conversion, natural selection, and these sorts of processes to the pattern of introgression of the Moreton rDNA into the Torresian subspecies.
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How reproductive isolation develops during the speciation process remains a fundamental and unanswered question in evolutionary biology. As a corollary ofthis question, one can inquire about the consequences of repeated hybridization between partially reproductively isolated populations. Grant (1) has stated, in reference to the findings of Anderson (2) , that long-term backcrossing of hybrid individuals to the parental types can result in ".... convergences between previously separate phyletic lines ...." However, it is also apparent that the introduction, maintenance, and persistence of foreign genetic material, despite significant pre-and/or postmating isolation, must be mediated by factors such as genetic drift, migration, and/or natural selection. Thus, the definition of interacting processes that lead to introgression (2) of genetic material is of fundamental importance in understanding how genetic systems may be perturbed. Indeed, it has been advocated that a major stimulus to speciation involves hybridization (3) . Furthermore, the quantitation of the effects of factors such as genetic drift, migration, and selection is equally fundamental in understanding the evolution of organisms.
In order to examine the above parameters, it is necessary to identify hybridizing taxa that have the following characteristics: (i) significant levels of reproductive isolation; (ii) morphological, physiological, or genetic markers that can be used to identify genomic components in parental and hybrid individuals; and (iii) definable differences in the habitats occupied by the taxa. Such a system has been identified in the grasshopper Caledia captiva. In particular, two subspecies (Moreton and Torresian) of C. captiva meet and form a zone of hybridization in southeast Queensland (4, 5) . These subspecies are differentiated at the level oftheir chromosome structure, the patterns of allozyme variation and by the distribution and abundance of highly repeated DNA sequences (6) (7) (8) (9) . In laboratory hybridization experiments it has been demonstrated that the F2 generation is completely inviable, while the backcross generations show =50%o reduction in viability (10) . The Moreton and Torresian subspecies occupy different climatic regions for the majority of their distributions. They do, however, meet and form narrow zones of hybridization in which a major changeover (>50o) in chromosomal frequencies from the Moreton metacentric form to the Torresian acrocentric form occurs over a distance of only 200 meters.
The development of molecular techniques has made it possible to assay genetic variation of natural populations at a very fine level. In relation to these analyses at the molecular level, the unique attributes of the Moreton/Torresian hybrid zone now permits the assessment of those factors that affect the exchange and introgression of specific DNA sequences. In this paper we report the pattern of ribosomal RNAencoding DNA (rDNA) variation derived from over 250 individual grasshoppers collected from within and outside this narrow hybrid zone. We are thereby able to test for the effects from the action of the processes of natural selection, genetic drift, gene conversion and/or migration on this locus and to compare equivalent patterns ascertained from genomic analysis ofthe multiple chromosomal differences ofthese two subspecies.
MATERIALS AND METHODS
DNA Preparation. The individuals used in this study included 189 grasshoppers from six populations along a transect across the Moreton/Torresian hybrid zone that had all been previously analyzed for their chromosomal and allozymic characters (11) . Total DNA was isolated from individual grasshoppers using the technique of Appels and Dvofdk (12 M13mpl8 and then sequenced using the dideoxy chain-termination sequencing protocol (14) . This cloned sequence demonstrates significant homology (bold-faced type) to the 3' end of previously sequenced 26S rRNA genes (15) . The portion of this clone not yet sequenced extends 3' to the sequence shown and, therefore, would include the remainder of the 3' end of the 26S gene as well as a portion of the nontranscribed spacer region.
Phage X, digested completely with HindIII, was used for size determinations on each gel.
Southern Blotting and Hybridization of rDNA Probes to Filter-Bound DNA. DNA was transferred from agarose gels to GeneScreen (New England Nuclear) (13) . Nick-translated probes were synthesized using standard techniques. Probes were made using a 0.8-kb cloned sequence from the 26S/ nontranscribed spacer region from the C. captiva rDNA cistron.
Quantification of the Relative Amounts of rDNA. The relative amounts of the rDNA in an individual were estimated using a Quick Scan Jr. scanning densitometer (Helena Laboratories, Beaumont, TX). This quantification facilitated a sensitive assay of the proportions of the restriction fragments characteristic for the Moreton and Torresian subspecies for both individuals and populations.
RESULTS
rDNA Variation in the Moreton, Torresian, and Hybrid Zone Individuals. Cla I-digestion ofindividual DNA samples, followed by hybridization to the 26S/nontranscribed spacer probe ( Fig. 1) , produces a number of fragments from -2.1 kilobases (kb) to 11.5 kb in size (Fig. 2 ). Hybridization to an 18S-specific probe from rye (12) revealed that none of the fragments, with the possible exception of the 11.5-kb band, have homology to the 18S gene (data not shown). Ofthe DNA fragments that show homology to the 26S/spacer sequence, the 2.1-kb and 2.9-kb fragments are diagnostic for the 11. Torresian and Moreton taxa, respectively. With respect to this.polymorphism, DNA sequencing analyses are currently underway that will demonstrate whether the size difference between these two fragments is due to an insertion/deletion event or the loss/gain of a Cia I restriction site. ' The diagnostic nature of the above two fragments has been demonstrated by assaying Moreton and Torresian populations that occur at varying distances from the hybrid zone (Fig. 3) . The Insulator Creek population is located =1200 km from the hybrid zone. Of the 16 individuals analyzed in this study, 14 possessed the 2.1-kb fragment, whereas two individuals were characterized by a'3.2-kb Cla I restriction fragment (Table 1 (Fig. 3) , have been previously analyzed with respect to chromosomal and allozymic markers. We have also examined individuals from six additional populations (see Fig. 3 and Table 1 ) from outside this zone. Fig. 4 represents an autoradiograph of 13 individuals from the Moreton side of the hybrid zone along with a pure Torresian (lane N) and a pure Moreton (lane 0) control sample. Although there is variation in the presence/absence and the relative amounts of the-larger fragments seen in this figure (e.g., lanes C, D, and G), these fragments did not prove to be diagnostic for the two subspecies and were, therefore, not included in our analysis; however, it is important to note that this variation may be due to the gain or loss of Cla I restriction sites or to insertion/deletion events involving the rDNA cistron. In terms of the 2.1-kb Torresian fragment and the 2.9-kb Moreton fragment, there are differences in their relative amounts in the heterozygous individuals located in lanes F, I, and M (Fig. 4) . Densitometric readings from this autoradiograph demonstrated that the proportion of the Moreton 2.9-kb fragment relative to the Torresian 2.1-kb fragment was 0.56, 0.54, and 0.60 in individuals F, I, and M, respectively.
Sixty-three individuals from the six hybrid zone populations were heterozygous for the 2.9-kb and 2.1-kb fragments. Table 2 contains the relative proportion of the 2.9-kb to the 2.1-kb Cla I fragment for 20 randomly chosen, heterozygous individuals from the TA-1 hybrid zone population (Fig. 5) . The 2.9-kb fragment ranges in relative proportion from 0.08 in individual 11 to 0.91 in individual 12. The relative proportions of the 2.9-kb fragment in each individual analyzed were then averaged to give an estimate of the populational 'frequency of this variant. Fig. 5 illustrates the frequency of the Moreton (2.9-kb) rDNA variant across the hybrid zone, as well as in populations located within 10 km on either side of the zone. In addition, the frequency of the Moreton chromosome 1, which is representative of the variation found within the zone for chromosomes 1-10 (11), is also included.
DISCUSSION
rDNA Introgression Across the Hybrid Zone. The individuals collected from the hybrid zone in southeast Queensland have been previously analyzed with respect to chromosomal and allozymic markers. As a result ofthis analysis, significant levels of gametic disequilibrium (D) in the chromosomal genotypic frequencies on the Moreton side ofthe zone but not on the Torresian side, have been detected (11) . This result was in direct contrast to an earlier study of the hybrid zone in which the gametic disequilibrium (D) was also highly significant, but on the Torresian and not theMoreton side of the zone (4) . This (11) due to the lack of diagnostic markers; however, no introgression was detected for either chromosomes 1-10 or the allozyme variants.
Several observations indicate differences in the patterns of variation across the hybrid zone with respect to the rDNA and chromosomal markers, even though the large-scale frequency changeover occurs in precisely the same 200-meter interval (see Fig. 5 ). On the Moreton side of the zone the Moreton rDNA variant and the Moreton chromosomes rapidly attain fixation. Likewise, the Torresian chromosomes are fixed on the Torresian side of the zone within 5 km of the TA population. This changeover can be explained by the hybrid breakdown in the F2 and backcross generations (10) . Therefore, there is an intense postmating reproductive barrier against the introduction of chromosomes from one subspecies into the other. Thus, the significantly higher frequency of the Moreton rDNA variant in the hybrid zone populations TA-3, TA-2, TA-i, and TA (Fig. 5) (5) . In both of these regions, which are =80 km apart, the rDNA variants demonstrate the same distribution. Thus, the 2.9-kb and the 2.1-kb fragments are found on the Torresian side of the hybrid zone, but only the 2.9-kb fragment is present in the Moreton populations. It seems unlikely that random population size fluctuations and/or migration would result in such an identical pattern. In addition, the exact correlation in the position of the hybrid zone over a period of six generations, which included a major climatic perturbation (11), would strongly suggest that the presence of the Moreton rDNA variants on the Torresian side of the zone is not a result of a shift in the position of the zone. Therefore, it would appear most likely that the factors that resulted in the widespread introgression of the Moreton rDNA variant into the formerly pure Torresian populations were nonrandom. Three such processes are biased gene conversion, natural selection favoring the Moreton rDNA variant or, similarly, natural selection favoring the rDNA chromosomes as a unit.
In its classical sense, gene conversion occurs when one allele at a locus converts a second allele at a homologous locus into its own allelic state (16) . Such intragenic conversion results in an atypical ratio of the segregants produced by meiosis (17) . A similar process has seemingly been responsible for intergenic conversion events in the chorion and globin multigene families (18, 19) and in a duplicated leucine gene (20) . For a new sequence variant to spread throughout a family of repeats, as the result of conversion events, the conversion must be biased (i.e., it must favor the new variant). This type of biased conversion has been observed for intragenic recombination involving spore color loci in Ascobolus immersus (21) and Sordaria brevicollis (22) . In the present case, it is possible that biased gene conversion has been one of the mediating factors in the introgression of the Moreton rDNA into the Torresian subspecies, and we will discuss below how this process may be detected in the Moreton/Torresian hybrid zone. The level of conversion events necessary to account for the pattern of rDNA variation in this hybrid zone would be high. However, it is conceivable that the hybrid nature of the individuals from this zone facilitates such an elevated level of gene conversion. With respect to this and similar processes, it is important to note the amount of variation in the relative proportions of the 2.9-kb and 2.1-kb fragments in heterozygous individuals. Data for 20 heterozygous individuals were presented in Table  2 . If there are equal numbers ofrRNA genes on chromosomes 10 and 11, as well as between Moreton and Torresian individuals, and if there are no gene conversion-type events occurring, then one would expect any variation to be due simply to meiotic recombination and/or segregation. Furthermore, because very little, if any, recombination within the rDNA locus is expected (ref. 23 , and see below), the variation in the relative proportion of the two variants should be directly attributable to the number of Torresian and Moreton rDNA loci present in the hybrid individual. Although we do not yet have an estimate ofthe relative numbers of rRNA genes on chromosome 10 compared with chromosome 11, preliminary data do suggest that overall there are equivalent numbers of these genes in Torresian and Moreton individuals. Thus, individuals that diverge greatly from integral proportions for the 2.9-kb and 2.1-kb fragments (for example, compare individuals 11 and 12 of Table 2 ) may reflect the action of gene conversion or some form of unequal exchange. With respect to the latter process, Dvorak and Appels (23) , by combining classical genetic and molecular techniques, suggested that an unequal sister chromatid exchange occurred within the wheat rDNA locus. This event resulted in an unexpected proportion in the copy numbers of two of the length variants.
Saghai-Maroof et al. (24) have argued that frequency changes in rDNA variants in a population of cultivated barley were mediated by natural selection. However, these authors concluded that the mixture of selfing and random mating dictated that their measure of selective effects included not only the effects generated from the rDNA loci, but also all other loci in the genome. In contrast, the unique analysis of the Moreton/Torresian hybrid zone, in terms of total genomic assessment, provides the opportunity to test for selective advantage for the Moreton chromosomes 10 and 11 and, indeed, the rDNA loci themselves. Thus, it has been argued (11) that the Moreton metacentric karyotype was favored on the Moreton side of the zone under specific environmental conditions. However, an analysis of the same individuals indicates that the rDNA loci, or chromosomes 10 and 11 as a unit, may be selectively advantageous in a largely Torresian genomic background. A feature of the Moreton and Torresian rDNA loci will facilitate the determination of whether or not the rDNA loci themselves (or closely associated loci), or the cumulative effects of the loci on the nucleolar organizing chromosomes, may be responsible for the asymmetrical introgression. This is due to the fact that the ribosomal RNA genes occur in different locations on chromosomes 10 and 11 in the Moreton and Torresian taxa (N.C., unpublished data). Thus, the Moreton rDNA loci are located on the short arms of chromosomes 10 and 11. In contrast, the Torresian rDNA genes are present on the long arms of these same chromo-3950 Population Biology: Arnold et al.
for the rDNA locus will be strongly supported. However, if the entire rDNA chromosome(s) is found in heterozygous individuals, then one would suppose that selection was acting upon other loci besides or in addition to those involving the ribosomal RNA genes. Alternatively, if the chromosomal markers in individuals that possess the Moreton rDNA variant are of the Torresian type, a mechanism such as gene conversion would need to be invoked in order to explain the findings.
